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Although theoretical models have already been proposed, experimental data is still lacking to quantify
the inﬂuence of grain size upon coercivity of electrical steels. Some authors consider a linear inverse
proportionality, while others suggest a square root inverse proportionality. Results also differ with
regard to the slope of the reciprocal of grain size–coercive ﬁeld relation for a given material. This paper
discusses two aspects of the problem: the maximum induction used for determining coercive force and
the possible effect of lurking variables such as the grain size distribution breadth and crystallographic
texture. Electrical steel sheets containing 0.7% Si, 0.3% Al and 24 ppm C were cold-rolled and annealed
in order to produce different grain sizes (ranging from 20 to 150 mm). Coercive ﬁeld was measured
along the rolling direction and found to depend linearly on reciprocal of grain size with a slope of
approximately 0.9 (A/m)mm at 1.0 T induction. A general relation for coercive ﬁeld as a function of
grain size and maximum induction was established, yielding an average absolute error below 4%.
Through measurement of B50 and image analysis of micrographs, the effects of crystallographic texture
and grain size distribution breadth were qualitatively discussed.
& 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The effect of grain size (GS) upon coercive ﬁeld of soft
magnetic materials has been long known. Early experimental
data shown by Yensen [1] in his general work about magnetic
properties of soft magnetic materials reveals a square root
relation between coercive force and the number of grains per
unit area, probably obtained through the planimetric method,
without indicating measurement uncertainty. First Mager [2] and
later Goodenough [3] used Yensen’s [1] results to support their
theoretical models, which dictate a linear relation between
coercive ﬁeld (Hc) and the reciprocal of grain size (1/GS), in which
the slope is proportional to the ratio of domain wall surface
energy (g) to saturation polarization (Js).
On the other hand Bozorth [4] considered the effect of grain
size to be illusive, attributing the variation of Hc to changes in
inclusion volume fraction and size distribution, caused by the1 Apto. 1006, Pinheiros, S~ao
539; (R): þ55 11 2364 8955;
af),
ahoo.com.br
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sevier OA license.heat treatments made at increasing temperatures to obtain
different grain sizes. However Adler and Pfeiffer [5] demonstrated
the independence of inclusion and grain size effects, posing
Hc¼aþb/GS in which constant a accounts for the effect of
inclusions, in Ni–Fe alloys.
Degauque et al. [6] measured the Hc of iron samples cold-
worked to different extents, but annealed at the same tempera-
ture. He offered a conﬁrmation of Yensen’s [1] data with approxi-
mately the same slope, for the materials were very similar. But
due to experimental uncertainty, which translated into some
misﬁt points, he also stated that a square root relation to 1/GS
was not to be discarded. Further in that direction Bertotti et al. [7]
measured the hysteresis losses (Ph; roughly proportional to Hc) of
non-oriented electrical steel (3.36% Si, 0.77% Al, 0.23% Mn, Fe)
samples, obtaining a square root relation between Heq and 1/GS.
We reinvestigate this relation, promoting the largest possible
variation in grain size while keeping all the other microstructural
variables as constant as possible. The minimum grain size that
can be obtained through recrystallization is around 10 mm, and
the maximum grain size is limited by sheet thickness, as super-
ﬁcial domain structure may affect magnetic properties if grain
size is larger than a third of that value.
Furthermore, grain size is not a uniquely deﬁned parameter.
Presently most grain size measurements are made through the
intercept method, which is the mean free path between two grain
Table 2
Elongation and annealing conditions of Epstein sets.
Name Elongation
(%)
Annealing
temperature (1C)
Annealing
time (h)
Resulting grain
size (mm)
S-343 46 760 2 25.1
S-400 30 760 2 29.7
S-451 18 760 2 51.0
S-475 13 760 2 65.5
S-488 11 760 2 80.8
S-501 8 760 2 114.1
S-511 6 760 2 143.7
E-602 600 2 10.9
E-682 680 2 17.0
E-762 760 2 26.5
E-854 850 4 55.4
E-858 850 8 61.6
E-8512 850 12 66.0
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ble, as, for instance, the equivalent diameter pondered by area
fraction. Number of faces, grain aspect ratio and size distribution
breadth are all parameters that describe grain structure with
greater detail. In this paper, in order to be able to compare results
with previous works, grain size shall refer exclusively to values
obtained with the intercept method. However, grain size distribu-
tion breadth values have been added to deepen the analysis.
As for other variables, chemical composition was kept constant
by using samples from a single coil of electrical steel. Dislocation
density changes were kept to a minimum by using only annealed
samples. Subsurface oxidation was controlled by choosing the
annealing atmosphere conditions. Also, samples were cold-rolled
to different extents but annealed at the same temperature and for
the same amount of time to prevent changes in inclusion size
distribution. (It is assumed that sample thickness changes do not
affect coercive force measured at quasi-static excitation).
Since it is not possible to maintain a constant crystallographic
texture while changing grain size, this variation has to be taken into
account. Texture measurement results are prone to a large uncer-
tainty, so an indirect texture parameter was used—the 50 A/cm
induction value (B50). In a previous paper, the good relation between
B50 and the average magnetocrystalline anisotropy energy value was
shown, [8]. Finally, we decided to investigate the effect of maximum
induction (Bmax) to assess the possibility of a change in behavior at
low inductions.
The purpose of this article is to present a consistent quantita-
tive description of the concerned phenomena, whose ultimate
goal is determining whether the slope of the relation between
grain size and coercive force is valid for a broad range of electrical
steels.2. Experimental procedure
2.1. Obtaining sets of Epstein strips
Commercially available NO USIcore U260 electrical steel from
Usiminas-Cubatao (BR), whose chemical composition can be
found in Table 1, was received in the form of fully annealed (no
skin-pass) 0.54 mm thick sheets.
Some sheets were cold-rolled up to different levels of plastic
deformation, cut parallel to the rolling direction into Epstein
strips and annealed at 760 1C for 2 h, in order to produce different
grain sizes through recrystallization.
Others were cut without cold-rolling and annealed at varying
temperatures for certain time-frames so as to obtain different
grain sizes through grain growth.
A complete report of the amount of cold-work, annealing
temperature/time and resulting grain size for each set can be
seen in Table 2.
2.2. Magnetic characterization
Magnetization curves up to 5800 A/m applied ﬁeld and quasi-
static (0.5 mHz) hysteresis loops with maximum induction (Bmax)
ranging from 0.6 to 1.5 T for each of the 13 sets were obtained.
The coercive ﬁeld and B50 value were calculated therefrom. EachTable 1
Chemical composition of the samples (weight percentage).
C Mn P S Si Cu Al
24 ppm 0.5 0.016 0.0086 0.69 0.066 0.312set consisted of 8 approximately 30 mm300 mm strips. Thick-
ness varied according to each sample and length was always
parallel to the rolling direction.
These measurements were made in an Epstein frame, using a
ﬂuxmeter Walker MF-3D connected to the secondary coil. The
primary current was supplied by a power ampliﬁer KEPCO
BOP50-80 with a waveform generator HP33120A/dc-15 MHz
and measured by a shunt resistor connected to a multimeter HP
34401A. The current and the induction values were collected and
recorded in a database and the values of induction and applied
ﬁeld were calculated. For the hysteresis loops, sinusoidal B
was used.
2.3. Microstructural characterization
After magnetic measurements, 1 in.2 specimens were cut out
from each set and mounted in bakelite. These were polished and
etched with Nital 5% to reveal a microstructure consisting of
single phase (ferrite) steel containing few inclusions, as expected.
Grain size measurements were carried out through the tradi-
tional intercept method [9] as well as through a semi-automatic
method, yielding grain size distributions.3. Results and discussion
3.1. Comparison of linear ﬁts for Hc as function of 1/‘ and 1/sqrt(‘)
Coercive ﬁeld at maximum inductions of 0.6 and 1.5 T was
ﬁtted against the reciprocal of mean intercept length as well as its
square root. A comparison plot thereof is shown in Fig. 1.
The results demonstrate that the Hc1/sqrt(‘) linear ﬁt has a
lower determination coefﬁcient. Also the fact that its ﬁrst and last
points lie above the linear ﬁt and the middle ones beneath it
indicates that a parabolic ﬁt might be more appropriate, thus
resulting in the same as a 1/‘ linear ﬁt.
Finally the y-intercept, which could be considered as the Hc of
very coarse grained materials, is negative for the Hc1/sqrt(‘) ﬁt.
These results, together with the models from literature [2,3],
attest to the fact that the inﬂuence of grain size upon coercivity
may be best described by a Hc1/‘ linear ﬁt.
3.2. Comparison with literature
Coercive ﬁeld Hc as a function of the reciprocal of mean
intercept ‘ for maximum induction of 1.0 T is shown in Fig. 2,
along with literature results.
Fig. 1. Comparison of linear ﬁts for Hc1/‘ and Hc1/sqrt(‘) at both 0.6 and 1.5 T. Circles stand for values of recrystallized specimens measured at 0.6 T; plus signs for
grain growth/0.6 T; squares for recrystalized/1.5 T and crosses for grain growth/1.5 T.
Fig. 2. Hc1/‘ at Bmax¼1.0 T; linear ﬁts based on the works of Yensen [1] and
Degauque et al. [6] have been added for comparison.
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within 20% of previous results by Degauque et al. [6]. For larger
grain sizes, both Degaque et al. [6] and Yensen [1] have obtained a
much greater slope.
Variations in chemical composition also affect the slope of
such relation. Mager’s model proposes that coercive force is
proportional to the domain wall energy, so that one can estimate
the effect of chemical composition through its effects on the
material’s magnetic anisotropy constant, exchange constant and
saturation magnetization:
Hcp
g
Js‘
¼ 2p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
AexchK1
p
Js‘
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðTc=aÞK1
p
Js‘
Using previously established relations [4,10] we conclude that
the anisotropy constant for pure iron drops from K1
0¼48,000 J/m3to approximately K1
1¼46,000 J/m3 when 0.7% silicon and 0.4%
aluminum are added, and saturation magnetization goes from
Js
0¼2162 T to Js1¼2107 T. Composition also affects the exchange
constant by reducing the Curie temperature (as well as the lattice
parameter to a neglectable extent), so that one can expect a 0.03%
decrease of slope due to chemical composition:ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1043 48,000p
2162

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1033 46,000p
2107
 , ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1043 48,000p
2162
¼ 0:03%
More signiﬁcant compositional changes can still be explained
through the effect on domain wall energy, as shown by Fernengel
[11] in NdFeB and Adler and Pfeiffer [5] in Ni–Fe alloys.
Therefore, the observed differences in slope must be due to the
process used to obtain large grains. It could have yielded very wide-
ranged grain size distributions or unwanted crystallographic texture.
Also, when grain size approaches sheet thickness, surface effects
may become dominant over grain size inﬂuence.
3.3. Inﬂuence of maximum induction
The slope and y-intercept of the linear ﬁts for Hc1/‘ for each
maximum induction were ﬁtted against a power law, inspired by
the Steinmetz relation for hysteresis losses. The results are
presented in Fig. 3.
This allows for a general relation between coercive ﬁeld,
maximum induction and grain size (in mm) to be derived:
Hc ¼ 22B0:50þ0:89
B0:13
‘
ð1Þ
The difference between experimental values for coercive ﬁeld
and those calculated through Eq. (1) can be found in Fig. 4 for
each grain size.
The total mean deviation (with regard to both grain size and
maximum induction) lies below 4%. The greatest absolute value is
Fig. 3. Hc1/‘ linear ﬁt parameters as functions of Bmax.
Fig. 4. Coercive ﬁeld deviation for each set. As there is little change with maximum
induction, a mean value with regard to Bmax is presented. Negative values correspond
to experimental values lower than expected according to Eq. (1).
Table 3
Texture and grain size distribution.
Name B50 (T) GS distribution breadth, sA
S-343 1.72 0.12
S-400 1.72 0.13
S-451 1.72 0.14
S-475 1.73 0.16
S-488 1.72 0.16
S-501 1.72 0.14
S-511 1.72 0.14
E-602 1.75 0.16
E-682 1.74 0.19
E-762 1.75 0.21
E-854 1.76 0.23
E-858 1.76 0.33
E-8512 1.71 0.25
average 1.73 0.18
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through consideration of B50 and grain size distribution breadth.3.4. Inﬂuence of texture and grain size distribution
The inﬂuence of crystallographic texture was assessed through
measurement of B50 [8] along rolling direction. The grain size
distribution effect is accounted for by the distribution breadth sA.
3
There is little variation of B50 among the recrystallized speci-
mens. The grain growth specimens present higher B50 values,
with the exception of sample E-8512 (Table 3).
The grain size distributions follow a somewhat similar pattern,
as their breadth revolves around 0.15 for the recrystallized
specimens and tends to get higher with increasing annealing
time/temperature except for sample E-8512.
In Fig. 5 we show the experimental grain size distributions
with their calculated lognormal ﬁts for specimens S-451 and
E-858. In Fig. 6 we show micrographs for the same two samples.
These allow the difference in distribution breadth between
recrystallized and grain growth specimens to be demonstrated.3 From the grain section areas Ai
di ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ai=p
p
; fi ¼ Ai=
X
Ai
uA ¼
X
fi lndi; sA ¼
X
½lndiuA2
In which di is the equivalent diameter for grain i, fi is the area fraction of grain i, uA
is related to the distribution median and sA to its standard deviation.We can now go back to Fig. 4 and see that specimens that
suffered signiﬁcant grain growth, having been annealed at 850 1C,
display higher GS distribution breadth values and coercive force
lower than expected. This deviation is further accentuated by
high B50 (favorable texture), particularly in specimen E-858.
As to the recrystallized specimens, no conclusion can be drawn
on the basis of B50 and sA values. Deviations should rather be
accounted for by irregularities in area reduction brought about
due to cylinder misalignment during cold-rolling.4. Conclusions
In this paper we show that a linear inverse proportionality
between coercive ﬁeld and grain size (measured through the
intercept method) is a better choice than a square root inverse
proportionality, regardless of the maximum induction used.
By applying a power law dependence with maximum induction
to both parameters of the Hc1/‘ ﬁt, we were able to obtain a more
general equation for the coercive ﬁeld as a function of both grain
size and maximum induction. It predicts a greater effect of max-
imum induction on the term that is independent of grain size:
Hc ¼ 22B0:50þ0:89
B0:13
‘
For the domain considered, the mean error of such an
approximation stays below 4%.
Fig. 5. Experimental grain size distributions for specimens S-451 and E-858 with lognormal ﬁts. The x-axis is in a logarithmic scale.
Fig. 6. Micrographs for specimens S-451 and E-858.
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between coercive force and the inverse of grain size, the effect of
chemical composition on the slope coefﬁcient for electrical steels
should be small.
Both grain size distribution breadth and crystallographic texture
play a role in determining the coercive ﬁeld of the material.
Generally the higher the values of B50 and sA, the more the coercive
ﬁeld deviates from predictions, towards lower values. However, a
quantitative description of this effect has not been established.
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